Electron paramagnetic resonance and Hall measurements show consistently the presence of two donors (D1 and D2) in state-of-the-art, nominally undoped ZnO single crystals. Using electron nuclear double resonance it is found that D1 shows hyperfine interaction with more than 50 shells of surrounding 67 Zn nuclei, proving that it is a shallow, effective-mass-like donor. In addition D1 exhibits a single interaction with a H nucleus (a H 1.4 MHz), thus H is the defining element. It is in agreement with the prediction of Van de Walle [Phys. Rev. Lett. 85, 1012 (2000 ] that H acts as a donor in ZnO. The concentration of D1 is 6 3 10 16 cm 23 emphasizing its relevance for carrier statistics and applications.
Despite the long history of research on ZnO the question of the n-type conductivity of nominally undoped crystals is still debated. In the discussion of the nature of the responsible shallow donors the complete spectrum of possibilities is under consideration, from residual impurities such as halogen atoms or group-III elements to intrinsic defects (Zn interstitials or the oxygen vacancy) [1] . In addition, and most recently, a new and unexpected possibility has been proposed from first-principles investigations, namely, that hydrogen is the cause of the doping [2] . This would be substantially different from the behavior of hydrogen in other semiconductors where it counteracts the prevailing type of conductivity and where it is widely used as a passivating species. Thus if experiments could support this prediction, and show that H causes a shallow donor in ZnO in relevant concentrations it would have serious impact on the growth methods as well as the technologies for devices which demand a specific conductivity type and carrier concentration. This is of special importance in view of the recently achieved p-type conductivity of ZnO which brought the material into the discussion as a serious alternative to the GaN-based blue/green optoelectronic emitters [3] .
One of the most powerful methods to identify the chemical nature as well as the concentration of impurities and native defects in solid state materials is electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopy. We have used continuous wave 9 GHz and, to enhance spectral resolution, pulsed 95 GHz EPR and ENDOR spectroscopy [4] . We find that two donors are present in state-of-the-art nominally undoped ZnO single crystals which give rise to a single EPR line at 9 GHz, but two EPR lines at 95 GHz. One of these donors shows, in addition to the expected interaction with surrounding 67 Zn nuclei, a well-resolved interaction with a single 1 H nucleus. Thus our experimental results support the theoretical prediction that hydrogen can be a cause of the n-type conductivity of ZnO.
The results of our temperature-dependent Hall measurements are very similar to those of Look et al. [5] who investigated ZnO crystals originating from the same source (Eagle-Picher). From the analysis of the Hall data we find two donor activation energies of E D1 ͑35 6 5͒ meV and E D2 ͑66 6 5͒ meV and concentrations of ͑6 6 2͒ 3 10 16 cm 23 for D1 and ͑4 6 2͒ 3 10 16 cm 23 for D2.
In the 9 GHz EPR experiments the shallow donors show up as a single line, see inset of Fig. 1 (with respect to the crystal c axis), in agreement with published data on shallow donors in ZnO [6] [7] [8] . To investigate whether this EPR signal corresponds to two donors as suggested by the Hall data we have carried out two types of experiments. First, we determined the concentration of donors by comparison to a reference standard. It turned out that the 9 GHz EPR signal corresponds to ͑1.0 6 0.2͒ 3 10 17 cm 23 donors, in good agreement with the total concentration of the two donors. Second, we investigated the temperature dependence of the EPR signal intensity (see Fig. 1 ). At low temperatures both donors should be in the paramagnetic D 0 state. When the temperature is increased the donor electrons are released to the conduction band leaving them in the positive diamagnetic charge state D 1 , thus causing a decrease of the EPR signal. To analyze this behavior we used the following expression:
with E i the thermal activation energy of process i with the prefactor K i . For temperatures below 40 K the EPR intensity varies according to a rather small activation energy of E 1 ͑4 6 2͒ meV ͑K 1 6 6 3͒ which is likely to be related to weak potential fluctuations in the samples. For temperatures above 40 K we can fit the decrease of the EPR signal in two ways, either by one thermally activated process with E 2 ͑47 6 4͒ meV ͑ ͑ ͑K 2 ͑5 6 2͒ 3 10 4 ͒ ͒ ͒, as previously obtained by Pöppel and Völkel [9] on ZnO powders, or by two activation energies as found in the Hall experiments, namely, E 2 ͑35 6 5͒ meV and E 3 ͑66 6 5͒ meV (K 2 K 3 4 3 10 3 ). Either model leads to a satisfying description of the experimental data. We favor the second case since it explains the Hall as well as the 9 GHz EPR results. Apparently the two donors have almost identical gvalues which prohibit their separation in the 9 GHz EPR experiments. However, with the pulsed 95 GHz EPR spectrometer we are able to resolve two donor resonances (see Fig. 2 ). The corresponding sets of g-values for the two resonances are g k 1.9569 6 0.00005 and g Ќ 1.9552 6 0.00005 for D1, and g k 1.9571 6 0.00005 and g Ќ 1.9555 6 0.00005 for D2 as determined from angular-dependent measurements. The assignment of the first set of g values to the donor with an activation energy of 35 meV and the second set to the deeper donor is based on the following arguments. With increasing binding energy the deviation of the g values from that of the free electron value (2.0023) should become smaller, according to
with l the spin-orbit coupling parameter and DE the energy separation to the next higher state. Further, one expects that with increasing binding energy the anisotropy of the g value, i.e., Dg g k 2 g Ќ , in the wurtzite crystal structure of ZnO becomes smaller. Also, the integrated EPR line intensity of D1 is larger than that of D2, in agreement with the concentration ratio of both donors as obtained from the Hall analysis.
Obviously, the EPR results do not provide information on the chemical nature of the donor species present since no resolved hyperfine (hf) structure is observed, as was the case for the In donors in ZnO [8] . We, therefore, performed ENDOR spectroscopy at 95 GHz and at 1.5 K using a method which is based on the stimulated echo (SE) pulse sequence [10] . The spectrometer and its specific advantages for this work have been described in detail [4] .
In Fig. 3 the high-frequency part of the ENDOR spectrum of the 67 Zn nuclei (I 5͞2, abundance 4.11%) is presented with the magnetic field parallel to the crystal c axis. The nuclear Zeeman frequency of 67 Zn is observable as a dip at 9.245 MHz. The ENDOR spectra proved to be isotropic apart from a few lines in the zinc spectrum which seem to exhibit an orientation dependence, and which are indicated by arrows.
For the understanding of the ENDOR results we will consider the isotropic hf interaction (Fermi contact term). The interaction constant a i reflects the spin density of the donor electron wave function (C) at the site of the nucleus (r i ) and is given by
where g e is the electronic g factor, b e is the electronic Bohr magneton, g ni is the g n factor of nucleus i, and b n is the nuclear magneton. The related ENDOR transitions have the following frequencies [11] :
Therefore expression (4) predicts that each nucleus i will give rise to two ENDOR transitions symmetrically placed 045504-2 045504-2 around their nuclear Zeeman frequency g ni b n B 0 ͞h (when the quadrupole interaction is neglected). This behavior is indeed observed. The fact that a multitude of lines is present in Fig. 3 indicates that we are dealing with a delocalized electron which interacts with a large number of Zn nuclei. The same types of ENDOR spectra were observed for shallow electron centers in AgCl and AgBr crystals [12] , where the hf interactions with Ag, Cl, and Br nuclei were observed.
For a quantitative analysis of the observed hf constants, expression (3) indicates that it is necessary to determine the spin density jC͑r i ͒j 2 on each nucleus i. This problem has already been studied [12, 13] . It was shown that, by orthogonalizing a suitable envelope function F to the cores of the lattice ions in order to allow for the Pauli principle, the spin density on nucleus i may be written as an "amplification factor" A i times the density of the envelope function F on nucleus i. Thus jC͑i͒j 2 A i jF͑i͒j 2 . If the envelope function remains approximately constant within each ion core (which is the case for a strongly delocalized envelope function F), the value of A i will depend only on the species of ion i, and not on its position in the lattice. We then rewrite Eq. (3) to a i 8p 3 g e b e g nZn b n A Zn jF͑i͒j 2 .
Here A Zn is the "amplification factor" for Zn. To derive the spatial extension of the envelope function F͑i͒ we assume that the ground state of the shallow donors in ZnO can be described by a hydrogenlike 1s wave function F͑r͒ ϳ exp͑2r͞r B ͒ [14] . In the analysis of the ENDOR results we will base our findings on a comparison with the ENDOR spectra of the shallow electron centers in AgCl [12] for which the amplification factor for Ag atoms was found to be 3200. The reason for doing this is that both crystals have a mixed covalent and ionic bonding, the band gaps and the positions of the shallow donor energy levels in the crystals have about the same values, and the conduction bands are mainly created by 4s electrons of Zn in ZnO and 5s electrons of Ag in AgCl. Further, there is information about the wave function density at the nucleus for Ag and Zn from Morton and Preston [15] and for Ag 0 and Zn 1 ions in the host matrix NaCl [16] . Thus we can estimate the amplification factor for Zn to be about 1500 from the experimental value of 3200 for Ag in AgCl [12] . Here Clementi and Roetti [17] wave functions for Ag 0 and Zn 0 were used for the calculation of the overlap integral.
The extension r D of the shallow donor in ZnO can be obtained from effective mass theory (EMT) as r D ͑´͞´0͒ ͑m ‫ء‬ ͞m e ͒ r B ഠ 1.5 nm, with´ 8.65 the dielectric constant, m ‫ء‬ 0.3 3 m e the polaron mass in ZnO, and r B 0.053 nm the Bohr radius. The effective Bohr radius (r D ) for the shallow donor in ZnO is almost equal to the radius of the shallow electron center in AgCl (1.7 nm). Based on this similarity we can rationalize the distribution of the hf interactions which have been observed in the ENDOR spectrum of Fig. 3 where one can observe up to 50 shells of Zn atoms. It should be noted that the lattice constant for ZnO is about 20% smaller than in AgCl, and that the ratio of the Bohr radii in ZnO and AgCl is about 0.8. Thus the extension of the envelope function corrected for the lattice constant is almost the same. Within this volume the 67 Zn nuclei are positioned at random distances r i , and they give rise to the large number of ENDOR resonances centered around the nuclear Zeeman frequency of 67 Zn (a i ø g n m n B 0 ). This analysis shows clearly that the donor electron wave function is effective-mass-like, i.e., we are dealing with shallow donors.
In order to obtain information on the chemical nature of the shallow donors, we performed ENDOR experiments on the common residual impurities (F, Cl, Br and Al, Ga, In). Despite the fact that the abundances of all isotopes of all these elements have nuclear spin, we were unable to detect any ENDOR transitions in these frequency ranges.
However, symmetrically placed around the nuclear Zeeman frequency of 1 H (147.6 MHz) we observe two ENDOR lines separated by 1.4 MHz (Fig. 4) . The two lines are isotropic and correspond to a hyperfine interaction constant a H 1. a value of 1.4 MHz, the amplification factor for H, A H , is about 20 which agrees well with the theoretical value of 15 derived in a way similar to that of Zn. This seems to be a realistic value because the amplification factor for Li for F centers in LiF was found to be 57 [13] . Thus it is very likely that the H nucleus is in the center of the shallow donor electron wave function, or at least in a position very close to the center. This is further supported by a comparison of our results with those of Block et al. [8] who observed the hf structure of the shallow In donor in ZnO. The amplification factor for In in ZnO can be calculated to be 2500, in analogy to the amplification factors of H and Zn in ZnO, and using the wave function density of In 21 in KCl [18] . Here the overlap integrals for In 0 were used. To explain the experimental hf value of In we have to reduce the effective Bohr radius r D to 1.0-1.1 nm. With this result we can estimate the ionization energy of the shallow In donor in ZnO to be approximately 2 times larger than that of the H donor in ZnO. This is in agreement with the observation that the g values of the In shallow donor are closer to that of the D2 donor.
The 1 H ENDOR intensity is high at magnetic-field positions, where the D1 EPR is the strongest (see Fig. 2 ), making it very likely that H is the cause of the 35 meV donor in ZnO. The origin of the D2 donor so far remains unknown. Figure 4 shows that the two ENDOR transitions have opposite signs. As shown in Ref. [19] it means that the sign of the hf interaction is positive and caused by direct spin density on the H nucleus. This finding is in line with the prediction of Van de Walle [2] that H 1 is present as the binding core for the shallow donor electron.
In summary, our EPR and ENDOR studies at 95 GHz show that one of the two observed donor resonances is related to hydrogen. It is characterized by a thermal activation energy E D1 ͑35 6 5͒ meV. The H nucleus is in the center or in a position close to the center of the shallow donor electron wave function. The observed hyperfine interactions with about 50 shells of Zn nuclei prove that it is a shallow, effective-mass-like donor with a Bohr radius of about 1.5 nm. This donor is unintentionally present in commercially available ZnO in a concentration of about ͑6 6 2͒ 3 10 16 cm 23 .
